Wasted (wst) is a spontaneous autosomal recessive mutation in which the gene encoding translation factor eEF1A2 is deleted. Homozygous mice show tremors and disturbances of gait shortly after weaning, followed by motor neuron degeneration, paralysis, and death by about 28 days. We have now conducted a more detailed analysis of neuromuscular pathology in these animals. Reactive gliosis was observed at 19 days postnatal in wst/wst cervical spinal cord, showing a rostrocaudal gradient. This was followed a few days later by motor neuron vacuolation and neurofilament accumulation, again with a rostrocaudal progression. Thoracic/abdominal muscles from wst/wst mice aged 17 days showed evidence of progressive denervation of motor endplates, including weak synaptic transmission and retraction of motor nerve terminals. Similar abnormalities appeared in distal, lumbrical muscles from about 25 days of age. We conclude that spontaneous failure of eEF1A2 expression in the wasted mutant first triggers gliosis in spinal cord and retraction of motor nerve terminals in muscle, and then motor neuron pathology and death. The early initiation and rapid progression of motor unit degeneration in wst/wst mice suggest that they should be considered an important and accessible model of early-onset motor neuron degeneration in humans.
INTRODUCTION
Wasted (wst) is an autosomal recessive mutation that arose spontaneously in a stock of HRS/J mice at the Jackson Laboratory in 1972 (1) . Mice that are homozygous for this mutation grow and develop normally until about 21 days after birth but then develop tremors, uncoordinated gait, and profound weight loss. The spleens and thymuses of wasted mice undergo atrophy (1) . The only neuropathologic defect that has been reproducibly identified in these mice is the vacuolar degeneration of motor neurons in anterior horns of the spinal cord and the brainstem beginning at around 26 days (2). This degeneration was seen in 4% of motor neurons (2) .
We have previously shown that the genetic lesion in wasted mice is a 15.8-kb deletion that removes the first noncoding exon and all promoter elements of the gene encoding eEF1A2, a translation elongation factor, abolishing expression (3) . eEF1A2 is expressed only in brain and muscle and shows 92% similarity at the amino acid level to eEF1A1 (formerly known as EF1-a), which is widely expressed and encoded by a separate locus (4, 5) . eEF1A1 expression declines in mouse muscle from birth onwards until it is undetectable by 21 days; at this stage, eEF1A2 takes over the role of translation elongation (3) . In wasted mice, therefore, both isoforms are absent in muscle from 21 days, coinciding with the onset of the wasted phenotype. The situation in brain is less clear, as eEF1A1 is still present at the level of whole tissue. However, it has been shown that eEF1A2 predominates in neurons, whereas eEF1A1 is expressed in glial cells (6) .
Here we studied motor neurons and their neuromuscular connections in wasted mice, in order to define better the role of eEF1A2 in maintenance of muscle cells and motor neurons. We show that there is a rostrocaudal gradient of pathology in the wasted mouse and that gliosis precedes any other overt abnormality in the spinal cord. The characteristic weight loss seen in wasted mice is due to loss of muscle bulk. We found evidence of progressive denervation of muscle fibers at the thoracic/abdominal level, with progressive asynchronous retraction of motor nerve terminals from neuromuscular junctions. These changes precede either motor axon or motor neuron degeneration by several days. We conclude that eEF1A2 expression is necessary for maintenance of neuromuscular junctions and motor neurons and that wasted mutant mice are an accessible model for early-onset, rapidly progressing motor neuron degeneration.
MATERIALS AND METHODS

Mouse Maintenance
Mice were housed in a semi-barrier facility. They were fed a standard chow diet.
Genotyping
For the immunohistochemistry experiments, mice were maintained in repulsion to ragged, a tightly linked visible marker (7); wasted homozygotes were thus identifiable by their smooth coats. For the analysis of muscle/body weight ratios and neuromuscular junctions, animals were genotyped using PCR. The presence of a wild-type allele was assayed using the primers P2F and P2R, described in (6) , and that of the wst allele using primers spanning the wst deletion (Loh DH, University of Edinburgh, personal communication).
Analysis of Muscle/Body Weight Ratios
Mice were weighed on an Avery-Berkel FB411 (Birmingham, UK). A quadricep muscle was excised and weighed on a Sartorius BP150 (Epsom, Surrey, UK).
Immunohistochemistry
Paraffin-embedded sections were dehydrated and stained with hematoxylin and eosin using standard methods. For immunohistochemistry, sections were rehydrated through a graded series of ethanols and submerged in picric acid for 15 minutes. For the neurofilament antibody, antigen retrieval was performed by immersing slides in 0.01 mol/L citric acid (pH 6.0) and microwaving at full power for 15 minutes. All slides were then treated in 3% v/v hydrogen peroxide to block endogenous peroxidases. They were then transferred to a Sequenza (ThermoShandon, Runcorn, UK) and washed in TBS (25 mmol/L TrisEDTA; 137 mmol/L NaCl; 27 mmol/L KCl; pH 7.4) for 5 minutes. Nonspecific binding of the secondary antibody was then blocked by incubating the slides for 10 minutes in 100 mL serum (diluted 1 in 5 in TBS) from the animal in which the secondary antibody was raised. The slides were then incubated for 30 minutes in 100 mL primary antibody, diluted in TBS as follows: GFAP (anti-cow Z0334, Dako, Ely, UK), 1:2,000; CD45 (550539, BD Pharmingen, Oxford, UK), 1:10; phosphorylated neurofilament (Dako monoclonal M0762), 1:80; nonphosphorylated neurofilament (monoclonal 08-0139, Zymed, San Francisco, CA), used undiluted. Slides were then washed twice in TBS and then incubated for 30 minutes in 100 mL biotinylated secondary antibody (Dako), diluted 1 in 200 in TBS. They were then washed once in TBS and incubated in 3 drops StreptABC (Dako) for 30 minutes. They were again washed in TBS, removed from the sequenza, and treated in diaminobenzidine (Sigma, Poole, Dorset, UK) for approximately 2 minutes. Slides were then counterstained in hematoxylin solution (Surgipath, Richmond, IL) and differentiated in saturated lithium carbonate. They were then dehydrated, cleared, and mounted.
Rotarod Analysis
Wasted homozygotes and normal littermates were subjected to rotarod testing in groups from 19 days postnatal until death. No mouse was left on a rotarod for more than 180 seconds.
Immunocytochemistry of Neuromuscular Junctions
Muscles were fixed in 4% paraformaldehyde in phosphate-buffered saline for 1 to 2 hours before labeling postsynaptic acetylcholine receptors with a-bungarotoxin (BTX) conjugated to tetramethylrhodamine isothiocyanate (TRITC-a-bungarotoxin; 5 mg/mL, Molecular Probes, Eugene, OR). Muscles were then incubated overnight in primary antibodies raised against 165-kDa neurofilament proteins and the synaptic vesicle protein SV2 (both 1:200, Developmental Studies Hybridoma Bank, Iowa City, IA) and visualized with sheep anti-mouse FITC-conjugated secondary antibodies (1:200; Diagnostics Scotland, UK). Neuromuscular junctions were imaged using a laser scanning confocal microscope (BioRad Radiance 2000, BioRad Laboratories, Hemel Hempstead, UK).
Electrophysiology
Intracellular recordings of evoked endplate potentials (EPPs) were made from transversus abdominus (TA) and flexor digitorum brevis (FDB) muscles using standard techniques (23) . Briefly, isolated nerve-muscle preparations were incubated for 30 to 60 minutes in 2 mmol/L m-conotoxin GIIIB to selectively block skeletal muscle fiber action potentials and then washed in mammalian physiologic saline containing normal, physiologic concentrations of Mg 2+ and Ca 2+ ions. The intercostal nerves supplying TA, or tibial nerve supplying FDB were repetitively stimulated using brief (0.1 ms) pulses, nominally 10 V in magnitude, while recording with glass microelectrodes filled with 5 mol/L potassium acetate of approximately 50 MV impedance. Consecutive responses were acquired, stored, and analyzed using a CED 1401+ (Cambridge Electronic Design, Cambridge, UK) and WinWCP software kindly donated by Dr. J. Dempster (University of Strathclyde, Glasgow, UK). Spontaneous miniature endplate potentials (MEPPs) were captured using Spike-2 software (Cambridge Electronic Design) and analyzed using MiniAnalysis software (Synaptosoft, Decatur, AL).
Vital Staining
Lumbrical muscles were incubated for 10 minutes in FM1-43 (4 mmol/L; Molecular Probes) in depolarizing solution (K + increased to 50 mmol/L; Na + reduced by 45 mmol/L) also containing 5 mg/mL TRITC-a-bungarotoxin to passively label ACh receptors and then washed for 30 to 45 minutes before viewing in a fluorescence microscope using a filter block incorporating a 435 nmol/L excitation filter and 515 nmol/L interference barrier filter. Images were captured using a Hamamatsu 5810 color chilled CCD camera and Openlab software (Improvision, Coventry, UK) running on an Apple G4 Macintosh computer.
RESULTS
Muscle/Body Weight Ratios
It has been shown previously that homozygous wasted mice begin to lose weight at about 21 days. By 23 days they weigh significantly less than their normal littermates, and by 27 days they weigh on average 7 g compared with 16.5 g for normal littermates (8) . Heterozygous +/wst mice were used as controls for this analysis because they are indistinguishable from wild-type mice phenotypically. Quadriceps muscles from wst/wst and +/wst littermates were weighed at 15 to 27 days and the muscle weight compared with overall loss of body weight. These measurements showed that there is a disproportionate decline in muscle mass as wasted mice deteriorate ( Fig. 1 ; Table 1 ). By day 27, the average muscle:body weight index (ratio multiplied by 1,000) in wst/wst animals was 1.49 compared with 4.44 in +/wst mice, even though the total body weight also declined over this period.
Spinal Cord Pathology
First, we examined sections of brain and spinal cord from 28-day-old wst/wst and +/wst littermates stained with hematoxylin and eosin for signs of motor neuron degeneration. Anterior horn cells at the cervical level of the spinal cord showed conspicuous vacuolation (Fig. 2B ). This harbinger of motor neuron degeneration has been reported previously (2) . No vacuolation was seen in mice aged 24 days or younger, and at none of the ages examined (up to 29 days) was vacuolation seen at the lumbar level of the spinal cord. We also confirmed and extended the results of Lutsep and Rodriguez with regard to abnormal accumulation of neurofilaments (2) . Perikaryal staining of motor neurons using an antibody that recognizes both light-and heavy-chain phosphorylated neurofilaments was discernibly increased (Fig. 2D ). There was no detectable relationship between numbers of neurons staining with this antibody and either age of the mice or the level of the spinal cord from which the section was taken (Table 2) . No differences were seen between wasted homozygotes and normal littermates using an antibody that recognizes medium and heavy chain nonphosphorylated neurofilaments, suggesting that only phosphorylated neurofilaments accumulate (data not shown).
Remarkably, gliosis, as measured by GFAP staining, preceded any other observable abnormality in the central nervous system. Reactive gliosis is a general response to neurologic injury and disease and is seen prominently in motor neuron disease. During gliosis, astrocytes accumulate and upregulate expression of GFAP, which can thus be used as a marker. Sections from homozygous wasted mice showed characteristic strong foci of GFAP staining throughout the grey matter of the spinal cord (Fig. 2F) . Such foci were rarely seen in normal littermates. The numbers of foci were counted and the data obtained are shown in Table 3 . At every age examined, there was markedly more gliosis at the cervical level than the thoracic level. Gliosis was virtually absent at the lumbar level. Thus, it seems likely that GFAP staining is more sensitive as a measurement of damage than other markers. There was no indication of microgliosis as measured by CD45 staining in wasted mice even at 29 days (data not shown).
Neuromuscular Junction Pathology
Taken together, the histopathology and immunocytochemistry of anterior horn cells in wasted mice imply that the onset and progression of muscle atrophy in wasted mice cannot easily be explained by motor neuron degeneration, since the muscle wasting preceded both neuron degeneration and precursors of degeneration. We therefore asked whether neuromuscular synaptic dysfunction could be contributing to the phenotype, including characteristic locomotor defects in the mice. 
Motor Impairment
We measured onset of motor impairment in wasted mice in a rotarod task. As the onset of the abnormal phenotype is so early, we were unable to carry out a training period in the mice; therefore, the results are expressed as the average difference in time spent on the rotarod for wasted homozygotes compared with normal littermates (Fig. 3) . The test was terminated at a maximum time of 180 seconds. It can be clearly seen that wasted mice perform progressively worse than their normal littermates from 21 days onwards. To test whether the deteriorating performance on the rotarod could be explained by progressive muscle denervation, we examined the physiology and morphology of neuromuscular junctions in wasted mice.
Electrophysiology of Neuromuscular Junctions
We made intracellular recordings from motor endplates in proximal and distal muscles (see Materials and Methods section). In addition, lumbrical muscles from some mice were vitally stained with FM1-43 to visualize functional recycling of synaptic vesicles (9) .
At 23 days, 80% of neuromuscular junctions in wasted TA muscle gave robust responses to nerve stimulation. Nerveevoked endplate potentials (EPPs) showed low coefficients of Figure 4A and B, quantal content was about 5, that is, less than one tenth of normal (10, 11) . Recordings from FDB muscles from the same mice showed no compelling abnormality of synaptic transmission at 23 days. However, by 25 days, the pattern was similar to that in 23-day-old TA muscles. Recordings from three FDB muscles dissected from two 25-day-old wasted mice showed 17 of 90 muscle fibers with evidence of weak synaptic transmission (Fig. 4D) . We also measured spontaneous transmitter release (Fig. 4E, F) . Miniature EPPs were completely absent in 11 of 17 fibers. MEPP frequency was only 0.09 s -1 in 4 fibers. By contrast, in control TA muscles, mean MEPP frequency was 3.11 6 1.04 (SD, n = 8), and none of these fibers had a MEPP frequency lower than 1.5 s -1 . MEPP amplitudes were significantly greater in wst/wst muscle fibers (p , 0.05), but differences in MEPP decay time constants were not quite statistically significant (p = 0.06).
Next we examined whether motor nerve terminals would take up FM1-43, a dye that vitally stains recycling vesicles at mammalian neuromuscular junctions (9) . Remarkably, only 13 of 49 endplates in two muscles were fully occupied by FM1-43-positive terminals. More than half the endplates (25 of 49) showed partial occupancy. Five endplates (;10%) showed less than 50% occupancy and 6 of 49 (;12%) endplates were completely unstained with FM1-43. The intensity of TRITC-a-bungarotoxin staining was also heterogeneous, with unoccupied regions showing weaker fluorescence (Fig. 4G, H) . In control muscles, all motor nerve terminals fully occupied their motor endplates.
Thus, altogether about 10% to 20% of neuromuscular junctions in TA and FDB muscles showed progressive, rostrocaudal deterioration in synaptic transmission, apparently caused by retraction of synaptic boutons from endplates, at a time when the mice were undergoing dramatic weight loss and muscle wasting.
Immunocytochemistry of Neuromuscular Junctions
Motor nerve terminals occupying more than 50% of the junctions were most likely the ones responsible for robust synaptic transmission in intracellular recordings, and those covering smaller fractions of the endplate were most likely responsible for those showing weak synaptic transmission. To better define the variation in synaptic occupancy, we carried out a more extensive analysis using confocal microscopy of immunostained material. We took TA, FDB, and lumbrical muscles of mice between 17 and 27 days and immunostained them for 165-kDa neurofilaments and the synaptic vesicle protein SV2. Postsynaptic acetylcholine receptors were stained with TRITC-a-bungarotoxin. As expected, there were no significant morphologic abnormalities at neuromuscular junctions in TA or lumbrical muscles from wild-type mice; almost all endplates were fully occupied by an overlying motor nerve terminal. However, the immunostaining pattern of motor innervation in the wasted mouse muscles was quite different Where ND is given, the section did not have the correct orientation for a comparison to be made with the other sections. , same field, red channel). The area indicated by arrows corresponds to an organized, but faintly stained patch of ACh receptors at 1 of the motor endplates that is only partially occupied by the overlying terminal, and which could give rise to the kind of variable synaptic responses illustrated in (A-C). By contrast, the two endplates in the upper right quadrant of the image are fully occupied by motor nerve terminals. Calibrations: (A) = 6 mV, 2.5 ms; (C, E) = 10 mV, 5 ms; (D, F) = 2 mV, 2 s; insets 2 mV, 5 ms; (G, H) = 100 mm, 50 mm.
and consistent with the FM1-43 vital staining reported above (Fig. 5) .
Morphologic evidence of progressive muscle denervation was observed in the TA muscles of wasted mice as young as 17 days old. Alongside apparently normal neuromuscular junctions, a small population of motor endplates (6.02% 6 0.65%; mean 6 SEM) had no overlying motor nerve terminal (''vacant''; Figs. 5A, 6C). The incidence of vacant endplates increased in TA muscles with age. Thus, by 23 days 28.91% 6 2.06% of endplates were vacant, increasing to 41.98% 6 7.06% by 27 days.
Vacancy of motor endplates evidently occurred by progressive retraction of motor nerve terminals. In addition to vacant and fully occupied endplates, some endplates were only partially occupied by overlying nerve terminal (Fig. 5C, D) . The incidence of partly occupied endplates in TA muscles increased from 17 days postnatal, peaked at about 23 days, then declined as progressively more endplates became vacant ( Fig. 6B) . By contrast, the majority of neuromuscular junctions in lumbrical muscles of the hind-foot appeared normal until around 23 days (Figs. 5B, 6A ). Over the following 3 days, there was an increase in partially occupied and vacant endplates (Figs. 5D, 6B, C) , as in the more rostral TA muscles. Thus, a rostrocaudal progression of motor nerve terminal retraction reflected, but preceded by about 6 days, the rostrocaudal progression of motor neuron pathology observed in the spinal cord.
Retraction of presynaptic nerve terminals in symptomatic wasted mice also preceded axon pathology. Some axon collateral branches supplying remaining neuromuscular junctions showed a characteristic thinning, punctuated by large accumulations of neurofilament protein (Fig. 5D) . We also observed a few instances of fragmentation, where motor nerve terminals had become disconnected and isolated from their parent axon collateral branch (Fig. 5E ). This axonal pathology was not present in intramuscular axon bundles where the motor nerve entered the muscle (i.e. before sending off branches to innervate the endplates) (Fig. 5F ).
DISCUSSION
The loss of eEF1A2, as seen in wasted mice, has a profound effect on motor neurons in the spinal cord and neuromuscular junctions. The first two indications of abnormality, at about 17 days postnatal, were increased GFAP staining in spinal cord and a decrease in the number of innervated motor endplates in thoracic skeletal muscles. Both changes preceded degeneration of axons in peripheral nerves and motor neuron degeneration. Retraction of synaptic input from muscle fibers and subsequent motor neuron pathology occur first at the cervical level and progresses caudally. One attractive potential explanation for these findings is that eEF1A1 is turned off in postweaning motor neurons in the same way as in muscle, but in a cascade starting at the cervical level. Lower levels would thus retain a degree of protection from the eEF1A2 lesion at the times examined.
In addition to the neurologic abnormalities, wasted mice undergo atrophy of the spleen and thymus. Although this is not seen in other models of motor neuron degeneration, it does not detract from the utility of wasted mice as a model for studying neuromuscular abnormalities and neurodegenerative disease. All the phenotypic abnormalities in wst/wst are compressed into a well-defined, short time frame in contrast to other wellcharacterized models of motor neuron disease, such as the transgenic SOD-1 mouse and the spontaneous mutant peripheral motor neuropathy (pmn). Recent studies in these 2 models have found that neuromuscular synaptic degeneration occurs in advance of axonal and somatic degeneration (12) (13) (14) , suggesting a common ''dying-back'' pathway to the endpoint of motor neuron degeneration in different forms of motor neuron disease (15) . Presynaptic nerve terminals also retract in a mouse model of myasthenia gravis (16) , in transgenic mice overexpressing a-synuclein (17) , and in mutant mice overexpressing Uch-l1 (a model of gracile axonal dystrophy (18, 19) ). Synaptic retraction is also a component of synaptic remodeling, observed for example during neuromuscular synapse elimination from polyneuronally innervated muscle fibers (20) (21) (22) . It also occurs following axotomy when Wallerian degeneration is inhibited, for example in Wld S mutant mice (23) (24) (25) . Taken together, these observations support the general hypothesis that synapses constitute an independent degenerative compartment that may be particularly vulnerable to stimuli that induce neurodegeneration (26) . In wasted mice, synaptic retraction, the persistence of neurofilament (phosphorylated NF-H) staining, GFAP staining, and late vacuolation in motor neurons are consistent with these contemporary accounts of the changes seen in motor neuron disease.
Despite the early signs of degeneration by synaptic retraction, the wasting of muscles in wasted mice cannot be accounted for entirely by denervation. Thus, the precise cause of death in wasted mice remains uncertain. Since eEF1A1 is completely transcriptionally silent in mouse muscle by 21 days and wasted mice have no eEF1A2 with which to compensate, there will undoubtedly be a significant effect of the mutation on muscle cells as no de novo protein synthesis will be possible. The progressive denervation of neuromuscular synapses together with intrinsic atrophy of fibers and consequential muscle atrophy and weakness, particularly at the abdominal/thoracic level, would probably lead to respiratory failure and death by asphyxia. However, as isoform switching is also seen in cardiac muscle, it is possible that these mice develop arrhythmias or other abnormalities leading to heart failure. The causes of mortality in wasted mice could be addressed by physiologic studies in wasted mice with selective transgenic rescue of eEF1A2 in muscle or motor neurons.
In summary, the pathologic abnormalities we have observed at wasted mouse neuromuscular junctions, in advance of pathology of motor neuron cell bodies, strongly resemble synaptic retraction either induced by axon injury or occurring spontaneously in other neuromuscular mutants. They also resemble the synapse elimination that takes place a few days earlier as part of normal neuromuscular development. Further investigations into the mechanisms that regulate synaptic-specific stability and retraction in wasted mice may provide valuable insights into mechanisms relevant to normal development, to injury-induced degeneration of synapses, and to the understanding and treatment of motor neuron degeneration.
